Abstract-Wireless Visual Sensor Network (WVSN) is a system that consists of visual sensor nodes with an embedded processor. WVSN devices have limited resources of energy, computation capability, memory, and bandwidth. Due to these limitations the implementation of WVSN for large multimedia data, such as images, become a challenging task. Therefore, it is required compressed images prior to transmission. In addition to the limited resources, the system implementation strongly affects the efficiency of the working system.
I. INTRODUCTION
Wireless Visual Sensor Network (WVSN) is a platform in a communication system that consists of small visual sensor nodes in the form of a camera with an embedded processor and the ability to communicate wirelessly [1] [2] [3] [4] [22] [23] . The main difference of WVSN from other sensor networks is its ability to transfer visual data such as images or videos. WVSN is capable of sending multimedia data with relatively larger size than scalar data. Generally, WVSN uses batteries to power the device, hence it has limited lifetime for its sensing, processing, and data transmission operations. WVSN also has the capabilities of processing visual data within sensor nodes, and of transmitting real-time data.
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Selecting a platform for the WVSN operating system is a critical step. Operating Systems such as TinyOS and SOS have higher stage or step time costs when compiling and flashing, since they repeat the same steps for the implementation of every new method, code, or application [5] . The re-flashing process requirement that leads to shorter board lifetime, and inflexibility in regard to application modification. The use of Embedded Linux eases the task and lengthens board lifetime [6] as re-flashing is no longer required and new applications can be applied while the system is running. New methods or applications that will be applied to the Embedded Linux WVSN needs to be compiled on Linux computer host by the compiler that corresponds to the WVSN processor [7] .
The limited resources on WVSN, such as energy, computational capability, bandwidth and memory become constrained in visual applications. Furthermore, the main limitation for WVSN is energy, and generally, energy consumption for transmission is greater than that for computation [8] . To lower energy consumption for data transmission, the system has to cut transmission time without affecting image quality. In order to reduce transmission time, smaller data size is needed. One method to reduce data size is the use of image compression techniques with optimal compression parameters for efficient use of energy, memory, and bandwidth while maintaining image quality.
Investigations of JPEG 2000 image compression, focusing on energy consumption, memory utilization, and computational complexity, have been reported in [9] [10] [11] . In [9] , the research focuses on the effect of energy consumption and PSNR when both wavelet subband parameters are altered in resolution scale and wavelets coefficients level. This research was not carried out on an Embedded Linux platform and the results do not show correlation between image compression and transmission time of images. The authors of [10] investigated the method of energy efficiency of wavelets integrated with Embedded Block Coding with Optimized Truncation (EBCOT). Comparison between compression ratio and quantization level was made based on observed PSNR values. The research was not specifically conducted in a WVSN environment and was not concerned with WVSN characteristics such as computation, bandwidth and memory constraint.
JPEG 2000 is a more robust compression method for dealing with error transmission and error decoding, with scalability and degradation tolerance [13] , than JPEG. This robustness comes from wavelet transformation. The downside of JPEG 2000 is high memory utilization and high-energy consumption. High memory is use caused by processes that include the whole frame. In addition, high-energy consumption results from complex computation requirements.
Meanwhile, in [13] , research of image transmission on WVSN is focused on Low-MAC FEC optimization for IEEE 805.15.4 standards. This reference notes that it needs to integrate Low-MAC FEC and RCPC coder at sensor node LR-WPAN to send images. References [13] [14] [15] 21] are investigation of compression method on WVSN using JPEG. Particularly in [15] , experiments were carried out using TinyOS to find relations between quality factors, voltage drop and PSNR in JPEG.
From the above discussion, there are three important issues affecting the image transmission process in WVSN [9] [10] [11] [12] [13] [14] [15] [16] , i.e.
(1) the use of embedded operating system for image compression implementation, (2) Image compression enhancement, and (3) efficient resource usage. However those methods are implemented mostly on TinyOS that has many limitations, such as the re-flashing process requirement that leads to shorter board lifetime and these limitations will be detailed later in section 2.
The use of JPEG 2000 as the image compression method in this research is aimed at finding optimum parameters of tile size, compression level, bitrate per pixel, block code and DWT level. The present research focuses on optimization of JPEG 2000 when it is used as an image compression method on WVSN with the Intel XScale PXA271 processor and Embedded Linux OS, since JPEG 2000 optimization with Embedded Linux for WVSN has not been explored yet. The advantage of the implementation of Linux rather than other operating systems such as SOS and TinyOS is the flexibility of Linux to be modified while the system is running or working. On the contrary, TinyOS requires the flashing process from the initial application if any changes or any additions are made to the algorithm.
The main contribution of this research is to offer a technical solution of simpler image compression on the WVSN platform, which is discussed in sections 2.2 and 2.4, and optimization of the parameters of the JPEG 2000 image compression on WVSN as reported in Section 3. The research focuses on energy consumption, memory utilization, and encoding time that affect the lifetime of WVSN network. The evaluation methods are measurements of voltage and current in WVSN devices using various compression parameters. Section 2 of this paper describes briefly the design of the system, followed by Section 3, in which the measurement results are presented. The conclusion of this research is described in Section 4.
II. SYSTEM DESIGN One contribution of this research is to provide a model as seen in Fig 1. The model is developed for image compression on WVSN. The Embedded Linux OS is selected as the WVSN platform, as the node uses the 32 bits PXA271 processor. TinyOS as the default Bootloader of the node is replaced by Embedded Linux OS as the new Bootloader.
The following steps are applied. Firstly, in the WVSN node, the image is captured by an OV7670 camera by running Video for Linux 2 (V4L2) library, followed by compressing the image in JPEG 2000 format, which is produced by the OpenJPEG [18] library. Thirdly, tools for wireless communication among hops using IEEE 802.15.4 standard are installed. The tools have been configured before utilizing them in an ARM processor, in which Embedded Linux OS had been installed. Finally, the system performance is evaluated by measuring its energy consumption and processing time, PSNR, and memory utilization versus image compression parameters and transmission distance between transmitter node and receiver node. 
A. Wireless Sensor Network Platform
The WVSN platform being used is Imote2 [16] . The Imote2 board uses the Intel Xscale PXA271 processor. This platform has a capacity of 32 MB SDRAM, 32 MB flash, and IO port as GPIO, 2x SPI, 3x UART, PC, SDIO, USM host, and USB client, and integrated wireless communication via the 802.15.4 (CC2420) standard. This board is designed to run under Intel Platform X, SOS, and TinyOS. In addition, a multimedia sensor board is used to capture raw images [17] . This board consists of a miniature speaker and line output, color image and video camera chip, omniVision OV7670, audio capture and playback CODEC WM890, onboard microphone and line input, and Passive InfraRed (PIR) motion sensor. The interface board performs data transfer, debugging, and flashing in radio board from computer host through cable. 
B. Embedded Linux Operating System
Embedded Linux has been successfully developed in Imote2 board [7] , replacing the TinyOS bootloader. With this embedded system, development of applications for scalar and multimedia data becomes easier and more dynamic. The advantages of the Embedded Linux OS are support for image sizes up to 28MB, and independent configuration or data storage. The communication model is technology independent (programming via wireless may be possible with same communication protocol). Linux also has the flexibility to be modified while working on a running system. Table 2 explains the advantages of Embedded Linux application, compared to the TinyOS bootloader.
TABLE 2. TINYOS VS LINUX BOOTLOADER COMPARISION

TinyOS
Embedded Linux Image Size
Image size allowed is only 1 -2 Mb. Therefore one node only processes one application.
Image size up to 28 Mb, one node has capability to process more than one application. The critical step in the implementation of Embedded Linux OS is installing or uploading bootloader, kernel, and filesystem. Bootloader or bootloader object (Blob) is the system basic startup used to initialize system components, i.e. system memory initialization, system clock management, and GPIO initialization. When Blob finishes system initialization, the system will automatically run the Linux kernel. The Kernel is generally read in a system file known as JFFS2. The JFFS2 itself is a system file that had been activated by the bootloader. The embedded system installed in flash memory puts the system file in the end of memory. The implementation steps are shown below. [14] . The tiling process is a process of dividing a source image into an image of similar size with non-overlapping rectangular tiles, except for tiles positioned on the image's border. Each tile is then compressed independently using its own compression parameter. This tiling process is aimed at reducing memory usage.
Code Loader
The C-Library source code of OpenJPEG [18] was used to implement JPEG 2000 on the system. The implementation steps are: 1) Compile OpenJPEG on the host computer by defining the desired target, i.e. Processor XScale PXA271; 2) Set up USBnet interface communication by configuring the IPV4 protocol for communication between the host computer and WVSN board; 3) upload the bin files and library to the WVSN board via the USBnet interface. By these three steps, JPEG 2000 has already been implemented on a WVSN platform that uses Processor XScale PXA271 and Linux as an embedded system, as shown in Fig. 1 .
D. Communication Stage
The wireless communication used in Imote2 is the Zigbee/IEEE 802.15.4 method. In Embedded Linux OS, a driver called tosmac is required to activate IEEE 802.15.4. In order to transmit compressed images, files are split into packets, each just 28 bytes in length.
There are two steps performed in the transmission processes, i.e. in the request node and in the visual sensor node, as shown in Fig. 2 IEEE 802.15.4. which is a low-rate wireless network standard, specifies the physical layer and Medium Access Control (MAC) layer. The MAC frame can be transmitted by the use of the physical channel and by the availability of the MAC layer. Therefore the 28 bytes payload packets, which are encapsulated by frames of the MAC layer, are sent to the user or receiver. An error control process for each payload of 28 bytes is not performed in this MAC layer communication.
The system will activate an IEEE 802.15.4 connection automatically when the system recognizes the availability of a
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JOURNAL OF COMMUNICATIONS SOFTWARE AND SYSTEMS, VOL. 11, NO. 3, SEPTEMBER 2015 transmitted packet. The user node will receive packets that are sent by camera node. The communication will be 'off' if the node has received a special packet from the camera node. The special packet is a notification that all packets have been sent by the user node. Then the packets are saved in a file. 
E. Energy Consumption
Since the energy source of WVSN is solely from battery with limited power, energy consumption becomes a critical criterion on implementation. This means that the main priority of one particular model or any implementation method of the image virtual view generator is to produce low energy consumption. In general, there are three tasks that affect energy consumption of WVSN, i.e.: 1) image capture, 2) image processing, and 3) image transmission. These three energy consumption factors are formulated as below:
where Ecapt denotes image capture energy consumption, Eproc denotes image processing energy consumption, and Ecomm denotes image transmission energy consumption. Furthermore, energy consumption can be manually computed by measuring voltage (V), current (I), and time of the whole process i.e. image capture time (tcapt), image processing time (tproc), and image transmission time (tcomm), with or without any compression methods, as:
The energy consumption of JPEG 2000 image compression can be estimated from DWT processes [19] . In this research, OpenJPEG was used as the JPEG 2000 representation using the Daubechies filter model 5-tap/3-tap in low and high pass analysis, respectively [19] . Equations regarding the filter in the Z-domain are:
where L0(z) defines the low frequency subband of the DWT filter and H0(z) defines the high frequency subband of the DWT filter. The impulse responses of the filter are [20] :
Analyzing the energy consumption of DWT image compression requires the size and type of some basic operations of the given process. Basic operations such as shifting (S) and adding (A) can be derived from (5) and (6) [20] . In (5), filter decomposition requires 8 shifts (S) and 8 adds (A) operations to convert 1 pixel of an image into low pass coefficient Meanwhile, (6) requires 2 shifts (S) and 4 adds (A) to convert into high pass coefficient. Overall computation of an image on DWT decomposition is acquired by counting the whole operations. The computation of one image of size M × N with L DWT level is estimated step by step as follows. Assume that the first step is horizontal decomposition. Since the whole pixels at even positions are decomposed into low pass coefficients and pixels at odd positions are decomposed into high pass coefficients, such that the total weight at horizontal is ½ΜΝ(10S+12A). The vertical decomposition has similar weight. Image's size will reduce with factor of 4 from its initial size for every transformation level. Then, the total computation load becomes:
If the image is divided into several tiles with size Q×R that is less than or equal to M×N before the DWT, then (7) becomes:
Apart from arithmetic operations on transformation steps, energy is significantly consumed from memory access. Within memory access processes, each pixel goes through reads and writes 2 times, so memory access load for an M ×N image is:
Total processing load is computed as sum of computational load (CDWT) and memory access load, (Cread) and (Cwrite), from (8) and (9) and becomes:
Furthermore, if Eshift denote energy consumption for shift (S) operation, Eadd denote energy consumption for add (A) operation, Eread denote energy consumption for read memory access, and Ewrite denote energy consumption for write memory access, then the overall energy consumption for processing becomes: 
Image transmission is generally in the form of data packets. If the number of packets is m, average packet size is t, and energy required to transmit 1 bit data is Eb, transmission energy is defined as:
The IEEE 802.15.4 communication system on Embedded Linux OS uses the tosmac structure data packet [1] , with the payload of each packet being 28 bytes. From this model and substituting (11) and (12) 
F. Peak Signal to Noise Ratio (PSNR)
Error metrics often used to compare various image compression techniques are the Mean Square Error (MSE) and the Peak Signal to Noise Ratio (PSNR). The MSE is the cumulative squared error between the compressed and the original image, whereas PSNR represents a measure of the peak error. The mathematical formulae for PSNR and MSE are 
where I represents matrix of original images, K is compressed image, m is number of pixel row of image and i is index of that row, n represents number of image's pixel column and j is index of that column.
G. Bit Error Rate (BER)
The bit error rate (BER) is defined as the rate at which errors occur in a transmission system. This can be directly translated into the number of errors that occur in a string of a stated number of bits. This definition can be translated into a (15) as follows:
III. RESULT AND DISCUSSION
A. Measurements Method
Specific compilation is required such that OpenJPEG is adaptable on the target processor XScale PXA271 with Embedded Linux OS. Source image is the original image produced by capturing an image using a multimedia sensor with 640 × 480 pixel resolution Fig. 7a) . Moreover, two approaches are used to evaluate JPEG 2000 in the WVSN environment. The first is testing OpenJPEG with its default parameter. The second is modifying JPEG 2000 parameters on DWT level, compression level, tile size, and block code size, as shown in table 3. The experiments are carried out as many as 250 times using simultaneous encoding processes. Image compression of OpenJPEG Library with different parameters alters energy values of (12).
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The measurement of initial voltage and current in each scenario are assumed as initial power, as resulted from V × I = 4.5×20 = 90 mW. This initial value is assumed to be the power of the system before any process is performed, or to be 100% of total power. By this, the energy reduction stated in this paper is energy consumption as a percentage of initial energy in each scenario. 
B. Experiment Results
In scenario I, at a rate 1 bpp, it is observed that varying the level of DWT affects energy consumption. Fig. 3a shows that energy consumption increases at higher DWT level. Energy consumption for DWT level 1 is 25.51% of available initial power, and this is the lowest value of energy consumption compared to other DWT levels. The highest energy consumption occurs when DWT level 6, i.e. 33.99% from initial power. In general, less energy is required for lower DWT levels. These results are consistence with review of (13) in the processing energy where the energy consumption will increase along with DWT Level, L. On the other hand, the level of DWT has effects on encoding process time as shown in Fig. 3a, where a higher DWT level consumes more time for the encoding processes.
Although JPEG 2000 in OpenJPEG is capable of delivering lossless and lossy compression, according to description in Section 2.5, in this paper only lossless compression methods were used. It was found that at a rate of 1 bpp, changing the DWT level does not alter the PSNR value. For lower bit rates, the PSNR value is altered as shown in Fig. 4 . The PSNR value of DWT level 1 is 11.26% lower than the PSNR of DWT level 6. Fig. 4 shows PSNR versus varying bit rate on DWT level. This figure shows that the change in DWT level influences the PSNR values. The lower level of DWT generates lower PSNR, and vice versa. The effect of DWT level to PSNR values for DWT level of 1, 2, 3 and 4 is relatively higher, and even higher on lower bit rate. However the difference PSNR values of DWT level of 4 and 6, i.e. less than 2%, is not significant. Furthermore, from these experiments, it is seen that varying tile sizes and block codes do not change the PSNR value.
Bit rate changes affect energy consumption. Fig. 3b shows energy consumption of DWT level 3 with various bit rates. A lower bit rate consumes less energy; for example, energy consumption at bit rate of 0.1 is 25.53% while at 0.01 is 19.65%. Bit rate also affects encoding time. Lower bit rate results in shorter encoding times as shown in Fig. 3b .
The result for Scenario II is shown in Fig. 3c . Tile size or number of tiles in an image affects both energy consumption and encoding time. Energy consumption is higher for smaller tile size and the time required for the encoding process is longer. Fig. 3d shows the results of the scenario III. Smaller block code size consumes more energy, whereas the time required for the encoding process is longer. 
C. Memory Utilization
The constraint of memory of WVSN defines the system's computation capability. Reducing the tile size can reduce the memory usage. Furthermore, reducing the block code size will reduce the memory usage too. Smaller size will save memory but increase energy consumption as shown in Fig. 3c . In addition, the tile size of 128×128 and 320×240 cost less memory as much as 75% and 50% compared to tile size of 640×480. Fig, 5 depict the results of the fourth scenario, the experiments of data transmission. Sending one raw image (with no compression) requires time of 10 to 15 minutes. The transmission time decreases as much as 70 seconds and between 10 to 15 seconds by using JPEG 2000 compression method with bit rate of 0.1 and 0.01 bpp respectively. Fig. 6 depicts the result of the fifth scenario. This indicates that reducing the distance from 30 meters to 10 meters does not significantly reduce energy consumption. It is found that within 300 minutes of transmission time at 10, 20, and 30 meters distances, the energy consumptions are 17.19%, 18.10%, and 19.41% from initial power. Table 4 shows BER values for distances of 10, 20, and 30 meters at bit rate of 1, 0.2, and 0.1 bpp. This table is indicates that distance between transmitter and receiver affect BER. BER value will increase as the distance between transmitter and receiver is increased. The communication system has demonstrated that BER increased when the distance between Tx node and Rx node, and the bit rate are increased. Lower BER can be achieved with the use of an error control mechanism added in the layer above the MAC layer. However, the mechanism increases energy consumption as two-way communication is required for error checking, and packet resend is also required if an error packet is obtained by the receiver. In this research, the energy consumption modelling for image communication on WVSN environtment as in 13) has been proven by measurements. It is also observed that the parameters of JPEG 2000, in terms of DWT level variations, bit rates, tile sizes, tile number, and block code sizes have significant effects on both energy consumption and memory utilization. Five experimental scenarios were designed to observe energy consumption, and showed that the optimal energy efficiency is achieved at the parameters of DWT level 3, bit rate of 0.01 bpp, tile number of 1, and block code 64. This setting yields energy efficiency as much as 14.34% at PSNR 34.15 dB compared to the default OpenJPEG setting (bpp 1, DWT level 6, tile number 1, and energy consumption significantly. Smaller bit rates consume less energy. Similarly, tile size affects energy consumption, such that a small tile number utilizes less energy. The same condition occurs on varying the block code size. The energy consumption increases when block code is smaller. Lastly, variations of DWT level influence the PSNR values. The lower level of DWT generates lower value of PSNR, whereas encoding time increases for higher DWT level.
D. Transmission Process
